Carbon nanotubes (CNTs) were grown uniformity on the surface of carbon fibers to create hierarchical fibers by use of floating catalyst chemical vapor deposition. The tensile properties of CNTs grafted fibers were measured. The strength of grafted fibers decreased approximately 12% compared to raw carbon fibers in this process. A fiber pull-out test revealed that the interfacial shear strength (IFSS) in polypropylene composites improved by 35% by grafting CNTs onto carbon fibers. It indicates the use of hierarchical fibers in thermoplastic composites is effective due to the improvement of IFSS by mechanical interlocking between CNTs and the matrix. The CNT/fiber joint strength is the most critical property, and the experimental observations also revealed that the joint fracture was the major failure mode.
Introduction
Carbon fibers have been widely used for advanced structural composites in various areas such as airplanes, automotive, and sporting goods because of their high specific strength and modulus. The performance of carbon-fiber reinforced plastics was mainly determined by fiber volume fraction, fiber length, and fibermatrix interface. With respect to mass production such as automotive industry, short-fiber reinforced thermoplastics (SFRTP) have been adopted due to their processability and renewability [1] [2] [3] [4] . Glass fiber/polypropylene composite system is usually used in the automotive parts. However, this material system cannot be used as primary structures due to its low stiffness and strength. Adopting carbon fiber instead of glass fiber improves the stiffness of the composites to some extent, but the strength of composites is not modified because of low IFSS strength between carbon fiber and polypropylene. Leaving long fiber during manufacturing process and modifying IFSS using compatibilizer are the solutions to improve the strength of SFRP [5, 6] . Drastic strength and stiffness improvement is required for SFRP to adopt them in primary structures
The huge interest in CNTs has been simulated by their extraordinary intrinsic properties. The introduction of CNTs into conventional fibre reinforced polymer composites creates a hierarchical reinforcement structure and can improve composites performance [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . The addition of CNTs into conventional composites modifies the IFSS of composites; therefore it can improve the strength of them. However, there are difficulties of dispersing and aligning high loading fractions of CNTs. Grafting CNTs onto fibre surface is an effective method to solve above problems. In addition, grafting CNT can improve IFSS by introducing mechanical interlocking, and strength in the transverse direction of fibers that are weak point of FRPs.
Thostenson et al. [7] first successfully synthesized CNT via thermal chemical vapor deposition (CVD) on the surface of carbon fiber, using a pre-deposited metal catalyst. The morphology of CNT can be controlled by changing temperature, catalyst, hydrocarbon source and processing time [9, 12] . The types of catalysis affect the most, and adhesion energy and diffusion rates of catalyst on the fiber surface are important parameters. IFSS improvement for epoxy/grafted carbon fiber systems have been reported by many authors [8] [9] [10] [11] [12] [13] . CNTs on fiber surfaces show capillary action to epoxy resin. IFSS improvement reported by other researchers is in the range of 20-470%, depends on the CNT growing methods.
Recently, the effects of hierarchical fiber on the strength of SFRP were reported. Vishkaei et al. [14] and Rahmanian et al. [15] confirmed approximately 40% and 30% enhancement in tensile strength and stiffness compared to conventional SFRP, respectively. They concluded that in addition to causing enhanced fiber-matrix interfaced bonding, CNT also act as reinforcement. The viscosity of thermoplastics is higher than that of epoxy resin. Therefore, the capillary action may not occur in the case of using thermoplastics. The effect of CNT grafting on the improvement of IFSS between fiber and thermoplastics is not clear.
In this study, CNTs were grafted onto a carbon fiber surface by floating CVD method. IFSS between fiber and polypropylene was evaluated by fiber pull-out test. Fiber surface after pull-out test was observed to discuss the interfacial failure mechanism for grafted fiber. In addition, strength of fiber before and after grafting CNT was investigated.
Experimental

Catalytic growth of CNTs on carbon fiber
The carbon fiber used in this study was PAN-based (T300) carbon fiber. The T300 fiber was supplied from Toray Industries, Inc. Carbon fiber in the asreceived state had been subjected to commercial surface treatment and sizing (epoxy compatible sizing).
The growth of CNTs on carbon fibers was performed by floated CVD in a reactor furnace. The sizing of carbon fiber bundle was removed by heating at 750°C on SiC heater for an hour in vacuum. The Fe(C 2 H 5 ) 2 (ferrocene) catalyst was placed under the fiber and evaporated to deposit it onto carbon fiber surface. Then, ethanol as a carbon source was injected. The growth temperature and time for CNT deposition were selected as 750°C for 900s. The CNTs grown on carbon fibers were examined using a high resolution scanning electron microscope (SEM) (S-4500, Hitachi).
Single fiber tensile test
In order to determine the effect of the CNT growth on the axial properties, the tensile strength of each fiber was measured based on JIS R 7606 (Japanese Industrial Standard). A single carbon fiber was glued at the either end onto a paper frame with epoxy. The diameter of single carbon fiber was measured by SEM prior to the tests. The average diameter of the fiber was 7.4 µm. It is difficult to determine the diameter of grafted fiber. Therefore, the average diameter of as-received carbon fiber was used as diameter of grafted fibers. Tensile tests of single carbon fibers were performed using micro-servo testing instrument (MMT-11N, Shimadzu Co.) with a cross-head speed of 1 mm/min. More than 10 single fibers were used to determine the tensile strength at gauge length of 20 mm.
Fiber pull-out test
In order to obtain a value of IFSS, fiber pull-out tests were conducted. Figure 1 shows the schematic representation of fiber pull-out test. The polypropylene used in this study is low viscous type (J108M, Prime Polymer Co., Ltd.) Melt flow index was 45 g/10min. Three types of carbon fibers (as-received, acetone cleaned fiber and grafted carbon fiber) were prepared. The polypropylene was melted on a hotplate at 180ºC. Then, carbon fibers were embedded into the molten resin using a manipulator. After the resin was cooled to room temperature, the fiber pull-out test was conducted at a crosshead speed of 0.1mm/min. The load-displacement curve for each sample was recorded in each test and the peak force F max was obtained. After the fiber pull-out test, SEM observations were performed to determine the embedded length l e and diameter d of the fiber. The embedded fiber lengths varied in a range from 10 to 500 µm. IFSS was calculated using the equation 
Over five tests were conducted to obtain the average IFSS. Figure 2 shows the surface morphology of as-received (epoxy sized), acetone cleaned fiber and CNT grafted fiber. The surface of carbon fiber did not show any changes after acetone cleaning. T-300 fiber has groove-like features parallel to the fiber axis, and the surface of fibers is not smooth. By using these not smooth fibers as substrate of CNTs, randomly oriented CNTs were obtained on carbon fiber surface as shown in Fig. 2(c) . The CNT grown on the fibers are multi-walled CNTs (MECNTs) and the diameters of CNTs are in the range of 20-60 nm. The apparent diameter of grafted carbon fiber increased by 5-10% by the catalytic growth of CNTs. CNTs were easily peeled from carbon fiber. It indicated the CNT/fiber joint strength is not strong. In this experiment, entangled CNTs were obtained on the carbon fiber. Aligned CNTs can be obtained if we use smooth carbon fiber and choose proper catalysis and deposit method [12] . Figure 3 and Table 1 show the results of single fiber tensile results. The acetone cleaning did not affect the strength of carbon fiber. On the other hand, grafting CNT onto fiber decreased the strength of fibers approximately 9%. Note that we Surface morphology of carbon fiber and CNT grafted fiber.
Results and discussion
Surface morphology of grafted fiber
Single fiber tensile tests
did not consider the increased diameter of grafting fiber. It means the strength of carbon fiber itself decreased after grafting process. Strength reduction behaviour during grafting process corresponds to other research which reported a reduction in tensile strength of carbon fibers as much as 10-50% [8, 11, 12] . Qian et al. [8] observed carbon fiber surface after CNTs grafting by removing catalyst and CNTs using hydrochloric acid to investigate the strength reduction of grafting fibers. They reported that lots of nano-size pits, which were formed by dissolution of Fe ion generated by ferrocene, were observed. The defect generated by catalyst depositing process reduces the strength of carbon fiber. As opposed to the above results, Naito et al. [16] and Kim et al. [17] reported that the strength of carbon fibers increased by more than 10% during CVD process. Kim et al. [17] found that the repair to some of the damage incurred during the catalytic deposition, an increase of carbon crystal size, and the formation of crosslinks of neighboring crystal all occur during CVD process, and contribute the improvement. In this study, such healing mechanism did not occur, therefore the strength of grafted fiber decreased by the pits generated by catalytic deposition. (a) As-received fiber (b) Acetone cleaned fiber (c) CNT grafted fiber Figure 4 shows the relationships between fibers embedded length in polypropylene and maximum load in the fiber pull-out tests. IFSS determined by the test is also shown in Fig. 4 . The IFSS for carbon fiber/polypropylene was approximately 8.8 MPa. IFSS of this material systems slightly increased by removing epoxy sizing. In either case, IFSS for carbon fiber/polypropylene system is smaller compared to that based on epoxy resin (more than 15 MPa) [11] [12] [13] . Carbon fiber exhibit poor interactions with most polymers owing to their nonpolar surface. In addition, because PP is a nonpolar polymer, the wettability of and adhesion to the fiber are smaller compared to other polymer. IFSS improved by 35% by grafting CNT onto the fiber surface compared to IFSS of cleaned fiber. It is confirmed that the CNT grafting onto carbon fiber is effective to modify IFSS of carbon fiber/polypropylene systems, though the penetration and wettability of polypropylene to grafted fibers were concerned. In this study, the thickness of CNT layer was less than 1µm, and thinner compared to other researches [12, 15] . In the case of thin CNT layer, polypropylene can penetrate between CNT, and thus improve IFSS by mechanical interlocking effect of CNT. To investigate the fracture mechanism during fiber pull-out test, the fiber surface after the test was observed as shown in Fig. 5 . By comparing with Fig. 2(c) and Fig. 5 , we can see the penetration of polypropylene into CNT layer. In addition, bare carbon fiber surface was observed after the tests. It indicates that the fracture occurred at fiber/CNT joint. In fact, the fiber/CNT joint strength is weak, and CNT was easily detached from fiber surface when we abstracted single fiber from fiber bundle. Fig. 6 shows the possible fracture modes for CNT grafted fiber. If the fiber/CNT joint strength is weakest, joint fracture is observed as shown in Fig. 6(a) , and this fracture mode is observed in this experiment. Fracture mode as shown in Fig. 6 (b) and (c) is preferable to strengthen CNT's role. In these modes, IFSS of grafted fiber will be further improved. The joint strength of fiber and CNT can be controlled by grafting method. Kim et al. successfully created grafted fiber with high joint and fiber strength [13] . In their experiment, Ni as catalyst of CNT was diffused into carbon fibers by annealing process. They observed that the root of the CNT has been immersed into the graphic layers below the carbon fiber surface as a result of the embedded Ni particles inside the carbon fibers. In this case, about 470% of IFSS improvement was observed. In our floating CVD process, diffusion and annealing of catalyst did not conduct; hence the joint strength is not enough to restrain joint fracture during fiber pullout. The fiber/CNT joint strength is the key factor to improve IFSS between grafted fiber and polypropylene. 
Fiber pull-out tests
Conclusions
CNTs were grown onto the carbon fiber to improve the IFSS for composites based on polypropylene. CNTs were successfully grafted on fiber surface by floated CVD method. Entangle CNT layer with the thickness of less than 1µm was obtained. The strength of grafted fiber was decreased by 12% due to the defects generated by catalyst depositing process. Fiber pull-out tests were conducted to evaluate IFSS of the composites. Polypropylene was penetrated into the CNTs, and the IFSS was increased by 35% by grafting CNT onto the fiber. The fiber/CNT joint fracture was observed after pull-out test. The weak joint strength deterrents the IFSS improvement for grafted fibers. 
